photoactivation with UVA, although visible light was also effective. Photoactivated complex 3 was noncrossresistant to cisplatin in 3 of 4 resistant cell lines. Cell swelling but very little blebbing was seen for HL60 cells treated with irradiated complex 3. Unlike cisplatin and etoposide, both of which cause apoptosis in HL60 cells, no apoptosis was observed for UVA-activated complex 3 by the Annexin V/propidium iodide flow cytotometry assay. Changes in the levels of the autophagic proteins LC3B-II and p62 in HL60 cells treated with UVAactivated complex 3 indicate autophagy is active during cell death. In a clonogenic assay with the SISO human cervix cancer cell line, 3 inhibited colony formation when activated by UVA irradiation. Antitumor activity of complex 3 in mice bearing xenografted OE19 esophageal carcinoma tumors was photoaugmented by visible light. Insights into the novel reaction pathways of complex 3 have been obtained from 14 N{ 1 H} nuclear magnetic resonance studies, which show that photoactivation pathways can involve release of free azide in buffered solution. Density functional theory (DFT) and time-dependent DFT calculations revealed the dissociative character of singlet and triplet excited states of complex 3, which gives rise to reactive, possibly cytotoxic azidyl radicals. Mol Cancer Ther; 11(9); 1894-904. Ó2012 AACR.
Introduction
Transition metal coordination complexes offer much scope for selective interference in biologic pathways and therefore have potential as therapeutic agents with novel modes of action (1) . Their reactivities depend not only on the metal itself and its oxidation state but also on the number and nature of the coordinated ligands, and the geometry of the complex. Thus, cis-[PtCl 2 (NH 3 ) 2 ] is a successful anticancer drug (cisplatin), but its trans isomer is inactive. The second-generation platinum drug carboplatin, [Pt(1,1-dicarboxycyclobutane)(NH 3 ) 2 ], is much less potent than cisplatin but has fewer side effects.
We are exploring the possibility of increasing the selectivity of platinum drugs for cancer cells by the design of less toxic platinum prodrugs that can be selectively activated by light (2, 3) . These are based on classically inert low-spin 5d 6 octahedral Pt IV complexes that incorporate light absorption and photodecomposition features. Particularly promising are diazido Pt IV complexes, which possess intense azide-to-Pt IV ligand-to-metal charge-transfer (LMCT) bands. Metal azido complexes are known to undergo a number of photochemical reactions, including metal reduction and azido radical formation (4) . Initially, we based the design on cis-diam(m)ine systems such as cis, trans,cis-[Pt(N 3 ) 2 (OH) 2 (NH 3 ) 2 ], complex 1, in the belief that photoactivation would involve one-electron transfer from azide to Pt IV and recombination of the released azido radicals to give dinitrogen as a product, along with squareplanar Pt II species that might react with DNA and produce similar lethal lesions (intrastrand GG cross-links) as cisplatin and carboplatin (5) . Indeed, we were able to show that such reactions are possible in chemical systems (6) .
Surprising was our finding that photoactivation of complex 1 (Fig. 1A) in bladder cancer cells caused unusual changes in cell morphology, including apparent destruction of the cell nuclei (7) . This suggested that photoactivation can lead to novel mechanisms of cytotoxicity, different from those of classical platinum anticancer complexes. Surprising too was the activity of the all-trans isomer trans,trans,trans-[Pt(N 3 ) 2 (OH) 2 (NH 3 ) 2 ], complex 2, which was as active as a cancer cell phototoxin as the cis diammine 1 (8) . This led us to explore structure-activity relationships further and to the discovery of the potency of the trans pyridine/NH 3 complex trans,trans,trans-[Pt(N 3 ) 2 (OH) 2 (py)(NH 3 )], complex 3 (9) . Indeed, in the series of cytotoxic trans-dihydroxido [Pt(N 3 ) 2 (OH) 2 (NH 3 ) (X)] (X ¼ alkyl or aryl amine) platinum (IV) diazido complexes, the trans diazido isomers are consistently more phototoxic than their cis diazido isomers (10) .
Herein, we describe a range of biological and chemical experiments aimed at elucidating the mechanism of action of photoactivatable trans-diazido Pt IV complexes, in particular complex 3. The work illustrates that photoexcited states can introduce novel effects on biologic pathways, which are not available to metallodrugs that act by ground state mechanisms alone.
Materials and Methods

Materials
Etoposide, E64d and pepstatin A, and fetal calf serum were from Sigma-Aldrich. RPMI-1640 culture medium was from either Sigma-Aldrich or PAN-Biotech. The Annexin V-fluorescein isothiocyanate (FITC) Kit was from Miltenyi Biotec. The LC3B and SQSTM1/p62 polyclonal antibodies were from Cell Signaling Technologies, whereas b-actin and horseradish peroxidase secondary antibodies were from Acris. Cisplatin was from Chempur. Compounds 2 and 4 were synthesized as previously described (7) (8) (9) , and compound 3 and the 15 N-NH 3 derivatives were prepared as described (9) .
Caution! Platinum azide compounds can be explosive and should be handled with care.
Cell lines
Human cancer cell lines OE19, A2780, A2780CIS, HepG2, and SHSY5Y were obtained from the European Collection of Animal Cell Cultures (ECACC), whereas 5637, SISO, Kyse 70, Kyse 510, Kyse 510, LCLC-103H, MCF-7, YAPC, RT-4, RT-112, A-427, DAN-G, and HL60 were from the German Collection of Microorganisms and Cell Cultures (DSMZ). HaCaT keratinocytes were gifted to the Photobiology Unit, Dundee by Professor N. Fusenig (German Cancer Research Center, Heidelberg, FRG). Cells were cultured in RPMI-1640 (DSMZ and A2780 lines) or Dulbecco's Modified Eagle's Medium (ECACC lines) containing 10% fetal calf serum and passaged weekly for no longer than 6 months after resuscitation. Cell lines were free of Mycoplasma as determined with the Hoechst staining method and authenticated at either the DSMZ or ECACC (not by authors).
Crystal violet assay
Cells were preincubated with complexes 2, 3, and 4 for 1 hour, followed by irradiation with fluorescent white light (intensity ¼ 0.65 mW/cm 2 ) or UVA (l max ¼ 366 nm, intensity ¼ 0.12 mW/cm 2 ) for up to 30 minutes. Luzchem Expo panels (Luzchem Reasearch Inc.) were used for irradiation. Lower wavelength UV radiation was blocked by a filter for both lamps. Cells were incubated for an additional 6 hours in the dark and medium was replaced. Ninety hours later medium was discarded and cells were fixed with glutaraldehyde. Staining of cells with Crystal Violet and quantification of the optical density of the cellbound dye were done as described (11) .
MTT assay
HL60 cells were seeded into 96-well microtiter plates at 10,000 cells per well, and dilutions of the compounds in cell culture medium were added to the cultures. Following 1-hour pretreatment, cultures were irradiated with light for 30 minutes, followed by 6 hours in the dark. Afterwards, the cells were centrifuged and the pellet resuspended in fresh medium. The cells grew an additional 42 hours before the MTT assay was done as described (11) .
Neutral red phototoxicity assay
Cells were seeded into 96-well plates at 6 Â 10 4 to 7 Â 10 4 cells/cm 2 . Test compounds were dissolved in Earle's Balanced Salt Solution. Chlorpromazine and photofrin were used as positive controls for UVA and visible light irradiation, respectively. Cells were treated for 1 hour and then irradiated with 5 J/cm 2 UVA or visible radiation. Cell viability was measured 24 hours later by Neutral Red dye uptake. The IC 50 value was defined as the concentration required to inhibit dye uptake by 50%. Goodness-of-fit was determined from the r 2 values of the curves and 95% confidence intervals (CI; refs. 12, 13).
Cell-cycle studies HL60 cells at 100,000 cells/mL were treated at the IC 90 value of etoposide (0.74 mmol/L), cisplatin (0.74 mmol/L), or 3 (68 mmol/L). Untreated controls and cells treated with etoposide and cisplatin were incubated in the dark for 48 hours. Cells exposed to complex 3 were preincubated in the dark for 1 hour followed by a 30-minute irradiation with UV light. After 6 hours cells were centrifuged and resuspended in fresh medium. Cells treated with complex 3 were incubated in the dark for another 42 hours. One million cells from each sample were centrifuged, the supernatant discarded, and cells washed twice with PBS. The cells were resuspended in ice-cold ethanol 70% (v/v) and stored at À20
C before further analysis. After centrifugation, supernatant was removed and cells resuspended in PBS containing 25 mg/mL propidium iodide (PI) and 100 mg/mL RNase. Samples were analyzed by flow cytometry (Becton Dickinson FACSCalibur with the ModFitLT V3.0 software).
Annexin V/PI assay for apoptosis
Apoptosis in HL60 cells was determined by flow cytometry with an Annexin V-FITC Kit. Cells were treated at the IC 50 and IC 90 concentrations of UVA-activated complex 3 (35 and 63 mmol/L, respectively), etoposide (0.42 and 0.74 mmol/L, respectively), and cisplatin (0.42 and 0.74 mmol/L, respectively) for 24 and 48 hours, as described above, for the morphology experiments. Untreated cells were incubated 24 and 48 hours in the dark. Cell distribution was analyzed by flow cytometry (MacsQuant; Miltenyi Biotec).
Detection of LC3B and p62
HL60 cells preincubated with 100 mmol/L complex 3 in the dark for 1 hour followed by a 30-minute irradiation with UVA. After 6 hours, the cells were centrifuged and lysed in 50 mmol/L Tris (pH 7.5), 100 mmol/L NaCl, 100 mmol/L NaF, 5 mmol/L EDTA, 0.2 mmol/L Na 3 VO 4 , and 0.1% Triton X-100 supplemented with a protease inhibitor. Following a 5-minute sonification, the lysates were centrifugated at 18,000 Â g for 20 minutes. Supernatant protein concentrations were determined by Bradford. Twenty micrograms of protein per lane were run on a denaturing 12% SDS-polyacrylamide gel and transferred to polyvinylidene fluoride membranes. After blocking the membrane, it was incubated overnight with various primary antibodies. After incubation with a peroxidase-conjugated secondary antibody for 1 hour, the band intensities were visualized by measuring chemiluminescence with an Intas ChemoCam (Intas Science Imaging Instruments) instrument.
Clonogenic assay
Preincubation of complex 3 with SISO cells for 1 hour was followed by irradiation for 30 minutes with UVA.
Medium was removed after 6 hours and cells washed twice with PBS before reseeding into 6-well plates. Colonies were grown in an incubator for 10 days, then stained with methylene blue and counted manually as clusters of 50 cells or more. Plating efficiency, surviving fraction, and IC 50 values were calculated as previously described (14) .
Antitumor activity in nude mice
Xenograft studies with OE19 tumors were done under Home Office license in accordance with current standards (15) . Female nude mice (nu/nu) were injected subcutaneously into the flank with 1 Â 10 8 OE19 human esophageal carcinoma cells in a 50% Matrigel suspension (total 100 mL). The mice were housed under aseptic conditions in individually ventilated cages in a temperature (24 C) and light controlled (12 hour/12 hour) environment. Animals had free access to food and water.
Compound 3 was freshly prepared in sterile water at a concentration of 1,200 mg/100 mL and sterile filtered. The drug was administered intraperitoneally in a single injection 2 hours before irradiation. Mice were irradiated under anesthesia while kept on a warming plate to maintain body temperature. Light of wavelength 420 AE 27 nm was delivered via a light guide connected to a monochromator. The equipment consisted of a 450 W xenon lamp connected to a precision-controlled monochromator fitted with ordersorting filters. Light is transmitted through a liquid light guide and output was measured, adhering to British Standards ISO9001, by using a calibrated photodiode and integrating sphere. The end of the light guide was placed on the tumor and a dose of approximately 100 J/cm 2 delivered. A second 100 J/cm 2 dose was delivered 6 hours later. The mean output at l ¼ 420 nm was 60 mW/cm 2 . Tumor dimensions and mouse weights were measured at least twice per week. Tumor volumes were determined by caliper measurement and were calculated using the formula
To use all the data a log-rank test was done, comparing the curves of time until a tumor size of 430 to 540 mm 3 was reached (Graphpad Prism, version 5). Relative tumor volumes were compared by using Student t test. Animals were divided into the following groups:
Nuclear magnetic resonance spectroscopy 14 N nuclear magnetic resonance (NMR) spectra were recorded with a Bruker DRX-500 instrument as described previously (16) or reported in the Supplementary Data section.
Computational details
Calculations were carried out with the Gaussian 03 (G03) program (17) using the density functional theory (DFT) method, the B3LYP (18) , and the PBE1PBE (19) functionals. The LanL2DZ basis set (20) and effective core potential were used for the Pt atom, and the 6-31G ÃÃ þ basis set (21) was used for all other atoms. Geometry optimizations of trans,trans,trans-[Pt(N 3 ) 2 (OH) 2 (NH 3 )(py)] in the ground state (S 0 ) and lowest-lying triplet state (T 1 ) were carried out in the gas phase, and the nature of all stationary points was confirmed by normal mode analysis. For the T 1 geometries, the UKS method with the unrestricted B3LYP or PBE1PBE functional was used. The conductorlike polarizable continuum model method (22) with water as solvent was used to calculate the electronic structure and the excited states of complex 3 in solution. Thirty-two singlet and 8 triplet excited states with the corresponding oscillator strengths were determined with a time-dependent density functional theory (TDDFT; ref. 23) calculation. The electronic distribution and the localization of the singlet excited states were visualized with the electron density difference maps (EDDM; ref. 24) GaussSum 1.05 (25) used for EDDMs calculations and for the electronic spectrum simulation. Mulliken and NBO charges of the ground-state and lowest-lying geometry were calculated with unrestricted PBE1PBE. The performances of the B3LYP and PBE1PBE functionals are consistent with results previously reported in the literature (26) .
Results
Influence of light on the in vitro cytotoxicities of Pt
IV diazides
In the dark, complex 3 showed no cytotoxicity toward 5637 cells (Fig. 1B) . With increasing irradiation time, 3 showed increasing antiproliferative potency (Fig. 1B ). An irradiation of 30 minutes was found optimal.
We compared the phototoxicity of the trans-diazido complex 3 with the cis-diazido Pt IV complex 1 and trans-diazido complexes 2 and cis,trans-[Pt(en)(N 3 ) 2 (OH) 2 ] (complex 4). The influence of a 30-minute irradiation with UVA on the potency in the 5637 and LCLC-103H lines was investigated in parallel incubations. Representative results are shown in Fig. 1C . Without irradiation, all 4 complexes had little activity, whereas UVA induced phototoxicity for all 4 compounds. However, complex 3 is noticeably more active than the other 3 compounds (Fig. 1C) ; thus we directed further studies at this compound.
The selectivity of complex 3 for various tumor types was determined in 13 cancer cell lines under identical conditions by comparing IC 50 values (Table 1) . Values ranged from 29 mmol/L for RT-112 line to 137 mmol/L for RT-4 with the average IC 50 55 AE 28 mmol/L. In an additional 5 cell lines not resistant to cisplatin, the IC 50 values, determined by the Neutral Red assay, ranged between 1.9 and 10 mM. (Table 2) .
Light activation of complex 3 can take place outside of cells. When complex 3 was irradiated with UVA in culture medium for 30 minutes under the same conditions described above and then added to cultures of either 5637 or RT-4 cells for 6 hours followed by a 90-hour incubation in fresh medium, no significant changes in the IC 50 values (53.5 AE 15.2 and 72.6 AE 7.5 mmol/L for 5637 and RT-4, respectively) were observed compared with those reported in Table 1 .
The ability of fluorescent white and blue visible light to activate complex 3 was investigated in some of the cell lines. Table 1 shows that IC 50 values for the 5637, SISO, A-427, and DAN-G lines are approximately 2-fold greater (values in parentheses) when white light was used as compared with UVA. In OE19 cancer cells and HaCaT skin keratinocytes (Table 2) , the complex was approximately 3-fold more effective in the presence of blue light, compared with the sham-irradiated controls. Thus, deeper-penetrating visible light can also activate complex 3, although not as efficiently as UVA radiation. These data are consistent with the density functional calculations that optical transitions exist for complex 3 in the visible region of the spectrum.
Investigations with cisplatin and oxoplatin-resistant cancer cell lines
Oxoplatin (cis,trans,cis-[PtCl 2 (OH) 2 (NH 3 ) 2 ]) undergoes chemical reduction to cisplatin and is believed to be a prodrug for cisplatin in vivo (27) . Three cell lines 5637, SISO, and KYSE-70 made 2-to 3.4-fold resistant to oxoplatin (i.e., 5637-OXO, SISO-OXO, and KYSE-70-OXO) are also cross-resistant to cisplatin (Table 1) . Consistent with the hypothesis that complex 3 acts via a mechanism distinct from cisplatin is the observation that complex 3 shows no cross resistance to these resistant cell lines, as evidenced by resistant factors close to 1 (values in brackets in Table 1 ). On the other hand, a fourth cell line, A2780CIS, which was made approximately 5-fold resistant to cisplatin compared with the parent line A2780, showed even stronger (9-fold) cross-resistance to UVA-activated complex 3 (Table 2 ) when cytotoxicity was assessed by Neural Red uptake.
Effects on the morphology and cell-cycle distribution of HL60 cells treated with cisplatin and etoposide compared with UVA-activated complex 3 Figure 2A shows the changes in cell morphology when HL60 cells are treated either with cisplatin, etoposide, or UVA-activated complex 3. When cells were exposed to (Fig. 2A, c and d; ref. 28 ). In contrast, cells treated with complex 3 did not show such changes but instead swelled slightly ( Fig. 2A, b) . Figure 2B presents the results of the cell-cycle analysis after HL60 cells were treated with an IC 90 concentration of either etoposide, cisplatin, or complex 3 for 1 hour, then activated for 30 minutes by UVA. For etoposide, a noticeable decrease of cells in the S phase is seen whereas cells in the G 2 phase increase by a comparable amount. This is consistent with a G 2 -M arrest of the cells, as has been reported for etoposide (29) . For cells treated with cisplatin, a decrease in the fraction of cells in the G 1 phase with an increase in the fraction of cells in the S and G 2 phases is consistent with a S-G 2 arrest, as has been reported previously for cisplatin in the L1210 and CHO cell lines (30) . Conversely, complex 3 brought little change in the cell phase distribution: G 1 was unchanged, S was slightly decreased, and the G 2 cell fraction was somewhat increased. Thus, complex 3 does not have specific effects on the cell cycle.
Apoptosis in cells treated with cisplatin and etoposide compared with UVA-activated complex 3
Supplementary Fig. S1 shows representative results of flow cytometric examinations of nontreated HL60 cells, double-stained with Annexin V-FITC/PI, compared with those obtained with cells treated for 24 and 48 hours at the IC 90 concentrations of cisplatin, etoposide, and UVA-activated complex 3. Figure 3A summarizes these results for 48-hour time point. Both cisplatin and etoposide strongly induced apoptosis (15%-20% of the cells). On the other hand, UVA-activated complex 3 caused only a small fraction (5% or less) of the cells to enter apoptosis; only at the IC 90 concentration was this small increase statistically significant. In Fig. 3B the fraction of dead/necrotic cells that stained positive with both Annexin V-FITC and PI are shown. Here again, both cisplatin and etoposide at both the IC 50 and IC 90 concentrations were effective at inducing apoptotic cell death, although treatment with UVA-activated complex 3 caused little apoptosis. Microscopic analysis of Hoechst 33342-stained nuclei from A2780 cells treated with either cisplatin or UVAactivated complex 3 support the idea that cells do not die by apoptosis. Supplementary Fig. S2 shows that although treatment of A2780 cells with cisplatin resulted in a timedependent increase in condensed and fragmented nuclei typical of caspase-dependent apoptosis; treatment with complex 3 did not.
Activation of autophagic pathways by UVA-activated complex 3
The possibility that autophagy is involved in cell death was investigated by monitoring the cellular levels of 2 key proteins; microtubule-associated protein light chain 3 (LC3), a ubiquitin-like protein associated with autophagosome, and sequestosome 1 (p62), a protein that becomes incorporated into the autophagosome and is degraded by the autolysome during autophagy (31, 32) . Western blots in Fig. 3C show a 2.5-fold increase in the levels of LC3B-II in HL60 cells treated with 100 mmol/L UVA-activated complex 3 for 6 hours compared with controls. (LC3B-I was not visible in our blots). The lysosomal protease inhibitors E64d and pepstatin A increased the levels of LC3B-II still further, consistent with a blockage of LC3B-II degradation (31) . Cisplatin and etoposide caused no increases in LC3B-II levels, probably because they induce apoptosis. The cellular levels of p62 consistently dropped on the average by 40% in cells treated with UVA-activated complex 3, but these changes were not significant. Thus, autophagic pathways seemed to be activated by UVA-activated complex 3 (31) .
Clonogenic assay in the human cervix adenocarcinoma cancer cell line SISO
The clonogenic assay is more appropriate than measuring antiproliferative activty in vitro for predicting antitumor activity (14, 33) . With the SISO cell line, complex 3 was approximately 10-fold more potent in the clonogenic assay compared with the crystal violet assay (IC 50 values of 4.94 AE 2.76 and 43.4 AE 23.7 mmol/L, respectively). Cisplatin had an anticlonogenic IC 50 value of 0.20 AE 0.02 mmol/L. Although, complex 3 is 25-fold less potent in this assay compared with cisplatin, it clearly shows antitumor potential.
Antitumor activity of complex 3 in mice bearing xenografted OE19 tumors
The results of the clonogenic assay encouraged us to investigate the antitumor activity of complex 3 with and 74 mmol/L) in the presence or absence of the lysosomal protease inhibitors pepstatin A (10 mg/mL) and E64D (10 mg/mL). Cells were preexposed to complex 3 in the dark for 1 hour followed by a 30-minute irradiation with UV light. Total protein extracts were analyzed for LC3B-II and p62 by using Western blot analysis to detect autophagic flux. Representative immunoblots are shown. Graphs show average results of 3 independent determinations with SD.
Ã significantly different to untreated controls tested by paired, 2-tailed t test, P < 0.05.
without irradiation in nude mice bearing xeongraft OE19 tumors. Tumor volumes were determined at least twice weekly. Figure 4 shows that complex 3 has antitumor activity in vivo, which is photoaugmented with visible light. At day 21, 3 of 7 nonirradiated control mice survived; 4 of 6 irradiated control mice survived; 4 of 5 nonirradiated complex 3 mice survived, and 7 of 7 irradiated complex 3 mice survived (i.e., the tumors had not reached the size requiring euthanasia). At day 35 when the experiment was ended, none of 7 nonirradiated control mice survived; none of 6 irradiated control mice survived; none of 5 nonirradiated complex 3 mice survived; and 2 of 7 irradiated complex 3 mice survived. A log-rank test was done comparing the curves of time until tumor size reached 430 to 540 mm 3 and found no difference between the nonirradiated versus irradiated controls. There was a difference between controls and irradiated complex 3 (P ¼ 0.0029; HR, 9.6; 95% CI, 2.2-42.2). The P value for controls versus nonirradiated complex 3 was P ¼ 0.055 (HR, 3.7; 95% CI, 1.0-13.8). The P value between irradiated complex 3 and nonirradiated complex 3 was P ¼ 0.055. In Fig. 4B the tumor volumes at the indicated time points are expressed relative to the initiating volume. Despite the administered dose of complex 3 being in the region of 10 times the maximum tolerated dose of cisplatin, mice remained alert and active, with no behavioral changes or signs of morbidity. There was no evidence of oculocutaneous phototoxicity (Fig. 4A and B) .
Photochemistry
Irradiation of 3 with UVA radiation (l max ¼ 351 nm) was monitored by 14 N NMR spectroscopy in physiologic buffer A solution. Assignment of the 14 N NMR resonances was aided by comparison of the 15 NH 3 -labeled and unlabeled complexes (Supplementary Fig. S3 ).
14 N{ 1 H} NMR spectra of complex 3 (20 mmol/L in PBA) acquired after irradiation for 0, 30 minutes (10 J/cm 2 ), and 2 hours (41 J/cm 2 ) with UVA show the release of free azide following irradiation ( Supplementary Fig. S4 ), as is observed for cis,trans,cis-[Pt IV (N 3 ) 2 (OH) 2 (NH 3 ) 2 ] (34) and the all-trans isomer under similar conditions (35) .
No free pyridine was detected either by 1 H or 14 N NMR spectroscopy. This suggests that pyridine might play a role in any subsequent recognition (or nonrecognition) of platinated lesions, for example, on DNA, as has been found to be the case for DNA GN7 adduct of cis{Pt(NH 3 ) 2 (pyridine)} 2þ , in which the bulky pyridine sterically blocks translocation by RNA polymerase (36) .
Calculations of electronic states
DFT and TDDFT were used to characterize singlet and triplet excited states for complex 3. Such computational methods can be used successfully to obtain insights into the photophysical (refs. 37-39; e.g., absorption) and photochemical (40, 41) properties of metal complexes.
The theoretical UV-Vis spectrum ( Supplementary  Fig. S5 ) simulated by TDDFT shows that the band in the UV region is composed of transitions with a prevalent 1 LMCT character (see Supplementary Data) . Interestingly, TDDFT also shows that weak transitions ( Supplementary Fig. S5 inset, transitions S1-S3) are present in the UVA and visible regions of the spectrum. These have 1 LMCT character and are of dissociative nature because of the significant contributions from the s-antibonding LUMO and LUMOþ2 orbitals (Supplementary Fig. S6A and B) . Particularly for the LUMO, the strong antibonding character is toward the Pt-N 3 bonds. This is consistent with the activation of complex 3 by visible light and with the observed light-induced release of N 3 ligands.
Strong spin-orbit coupling of the Pt atom can promote efficient intersystem crossing and formation of triplet states, which are likely to play a role in the photoreactivity of complex 3. All calculated triplets have dissociative nature confirming the high photoreactivity of complex 3. Furthermore, optimization of the lowest-lying triplet state geometry provided a distorted triplet-state structure, in which one azide ligand is displaced (Pt-N 3 ¼ 3.590 Å ) and the second has a Pt-N 3 distance elongated by 0.235 Å compared with the ground state ( Supplementary Fig. S6B ). Therefore, upon intersystem crossing and population of the lowest-lying triplet, the dissociation of one or both azide ligands can occur. Analysis of atomic charges and electronic configuration showed that in the lowest-lying triplet geometry, both azides are less negatively charged, whereas the Pt center is less positively charged. Such behavior can account for a Pt IV ! Pt II reduction mechanism and for the formation of N 3 * A radical fragments.
Discussion
There is growing interest in developing photoactivatable cytotoxic agents for cancer treatment. Photoactivated chemotherapy would be expected to have a higher therapeutic index compared with traditional chemotherapy. Owing to their rich photochemistry, transition metal complexes in general and platinum agents in particular are strong candidates for this purpose (3, (42) (43) (44) . Pt IV diazides have interesting photobiologic properties in cellular systems (7) (8) (9) (10) , and the aim of this work was to elucidate the complex mechanism of action of one potent compound in this class (i.e., complex 3). Although these complexes were initially designed as light-activatable Pt prodrugs of cytotoxic Pt II diamines (e.g., cisplatin), the results reported here indicate that other novel mechanisms of cytotoxicity are involved.
The experiments with various cancer cell lines provide new evidence that cytotoxicity induced by light activation of complex 3 is distinct from that observed with cisplatin: First, we show here for the first time that complex 3 has little selectivity toward the 13 cancer cell lines studied, in contrast to cisplatin, which is selective for the SISO, KYSE-70, DAN-G, and 5637 cell lines (11) . Second, no crossresistance was observed with 3 oxoplatin-resistant cell lines, which are all completely cross-resistant to cisplatin. Third, the morphologies of HL60 cells following exposure to equicytotoxic doses are very different from cells treated with either cisplatin or etoposide, 2 drugs that activate caspase-3 and induce apoptosis in this cell line. Moreover, cell distribution among the phases of the cell cycle following exposure to these 3 agents at their IC 90 values is different; whereas cisplatin and etoposide cause S-G 2 and G 2 -M arrests, respectively, complex 3 has only a weak influence on the overall distribution. Here we report that UVA-activated complex 3, unlike cisplatin and etoposide, is ineffective in causing the redistribution of phosphotidylserine of HL60 cells from the cytosolic surface of the plasma membrane to the outer layer of the bilayer, a hallmark of early apoptosis. Thus, apoptosis is unlikely to be an important mechanism of cell death, in agreement with our previous finding that UVA-activated complex 3 does not activate caspase-3 (9) .
Autophagic cell death may be more important in cancer chemotherapy than once appreciated (45) . A number of autophagic pathways, including LC3 and p62, can be monitored to help establish autophagy in the death of cells caused by a cytotoxic drug (32, 33) . For example, glioma cells treated with temozolomide increased both transcription of the LC3 gene and LC3 aggregation during autophagic death (46) . Hepatocellular carcinoma cell lines treated with a cytotoxic COX-2 inhibitor, OSU-03012, showed a dose-dependent increased in levels of the LC3-II protein (47) . It was shown that pediatric brain tumor cell lines exposed for 8 hours at the IC 50 doses of either rapamycin, lomustin, or cisplatin caused an increase in the levels of LC3 and a decrease in the levels of p62 (48) . In our work, we detected a significant increase in levels of LC3B-II when HL60 cells were exposed for 6 hours to UVA-activated complex 3, consistent with autophagy. Also consistent with an autophagic mechanism was the reproducible decrease in levels of p62 in the treated cells relative to controls, but this change was not significant. Thus, in the absence of apoptosis, autophagy becomes activated during cell death.
Another important finding was that complex 3 can be activated not only with UVA but also with visible light. Although visible light was somewhat less effective in activating the complex, this is important when considering the therapeutic potential of such a drug; that is, deeper penetration of visible light into tumor tissue compared with UVA is necessary for successful application of the complex in cancer treatment.
The data from clonogenic assays are supportive of an antitumor effect. Indeed, the complex showed antitumor activity against OE19 cells subcutaneously transplanted into the flanks of the animals. The antitumor activity of complex 3 was augmented by 2 Â 100 J/cm 2 of 420-nm blue light delivered through the skin for approximately 30 minutes, 2 hours after a single injection, followed by a second irradiation 6 hours later (a cumulative dose of approximately 200 J/cm 2 ). This seems to be the first report of the successful use of light to enhance the anticancer activity of a metal-based drug in vivo. Importantly, the compound showed no apparent toxicity in mice, even when given at a dose 10-fold greater than that typically used with cisplatin. It should be noted that the animals were not kept in darkness, but on a 12/12 light cycle in partially transmitting polymer cages; therefore we cannot exclude ambient light photoaugmetation of the nonirradiated complex 3 group.
The question arises as to the nature of the cytotoxic species formed from light activation. In previous work we found that light activation of complex 3 resulted in an accumulation of Pt in 5637 cells more rapidly than when the complex was not photolyzed (49) . This suggests that photolysis yields reactive Pt species that irreversibly bind to cellular components. Consistent with this, we have found that upon irradiation with UVA and white light, complex 3 is reduced to the Pt(II) complex [Pt(OH) 2 NH 3 (pyridine] as well as Pt species that irreversibly platinate calf thymus DNA (50) . Thus, DNA could be one target for photoactivated complex 3 but, unlike when cisplatin binds to DNA, initiates little apoptosis. Although Pt II species may be involved in the cytotoxicity, other reactive species unique to this complex could also be important. Our NMR studies show that NH 3 , N 2 , and azide are released from complex 3 on photochemical activation. Thus, reactive species other than Pt-based may be involved in cytotoxicity. Nevertheless, our data indicate that photolysis products can form outside of cells and still be effective cytotoxic agents.
TDDFT calculations confirmed the dissociative character of excited states and revealed the presence of weak transitions in the visible region of the spectrum. Photochemical reactions of Pt IV azides are known to generate Pt IV nitrenes and azido radicals in addition to Pt II species (4) . Such a combination of species generated in cells may rapidly affect a variety of biochemical pathways. On the basis of their extreme chemical reactivity, Pt IV -nitrenes and azido radicals would be expected to be toxic to cells by a mechanism independent of DNA binding.
In conclusion, these studies provide new insights in the photoinduced cytotoxic mechanism of trans-diazido Pt IV complexes. Moreover, light-activated complex 3 has antitumor activity in vivo. The mechanism of cytotoxicity in vitro is different from that of cisplatin, and autophagy is implicated. These results show that excited states of metal-based anticancer drugs can introduce novel mechanisms of action, which may be valuable in clinical use.
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